A new method for quantitative evaluation for high resolution computed tomography (HRCT) of the lungs was developed by assessment of the distribution of radiological densities within the lung slices. To enable effective reduction of data and improve the sensitivity of detection of abnormalities, the density distributions were analysed by curve fitting through the y variate model. The output of two variables proved most representative: the most frequent density (Hoansfield units; HU) and width of distribution (HU). The method was applied to seven patients with early asbestosis (positive histological finding and International Labour Office (ILO) profusion score up to 0/1), 15 patients with advanced stage of asbestosis (positive histological finding and ILO score above 1/2), and 13 normal controls. All patients with early asbestosis had isolated reduction of diffusing lung capacity to carbon monoxide (DLCO), whereas all patients with advanced asbestosis had reduced DLCO and restrictive disease; two of them also had an obstruction pattern. The most frequent densities were significandy greater in the advanced asbestosis group (-567 HU) when compared with both the early asbestosis group (-719 HU; p = 2 x 10-6), and controls (-799 HU; p = 0), and they also discriminated significantly between the early asbestosis group and controls (p = 0.0002). Significantly stronger linear correlations were established between DLCO and the most frequent densities (r = 0 86) than between DLCO and HRCT score (r = 0.57) or ILO score (r = 0.34). It is concluded
that fitting the curve of the density distribution enables a more objective assessment of HRCT pulmonary scans, especially in the early stage of asbestosis.
(British J7ournal ofIndustrial Medicine 1993;50:5 14-519) Lung parenchymal abnormalities on high resolution computed tomography (HRCT) have been described in subjects exposed to asbestos.'-5 It was reported that advanced features of the HRCT technique (thin 1-1.5 mm sections, maximum x ray energy levels, and high resolution reconstruction algorithms) improved its sensitivity in comparison with chest radiographs and conventional computed tomography (CT). 3 Staples et al found that in asbestos exposed subjects with normal chest radiographs, HRCT can identify a subgroup with decreased lung function. 5 We have also reported that HRCT can detect early parenchymal changes in subjects exposed to asbestos who had normal chest radiographs and reduced diffusing lung capacity to carbon monoxide (DLCO).6 The interpretation of HRCT scans is usually based on a qualitative assessment of changes in morphological characteristics and attenuation by an experienced thoracic radiologist. Qualitative HRCT still lacks data on observer variability similar to the established analysis of chest radiographs classified by the Intemational Labour Offices method (1980) . 8 In tomograms in which the diffuse aspect is featured, as is possible in various interstitial lung diseases, the distribution of radiological densities, p (HU), in the particular slice, f (p), may show the items that are not transparent on the tomograms themselves. This is so because the subtle variations in the proportion of densities may be more easily seen on the graph, f (p), which displays explicitly the number of cells in the successive density intervals. Quantitative analysis of the CT scans with respect to attenuation of an x ray beam by a volume of lung tissue has been used in assessing pulmonary emphysema,9 10 silicosis,"' sarcoidosis, '2 and lung damage related to bleomycin.13 The evidence of the small changes, however as within individual follow up, may be hindered by the arti-facts in the raw data. Therefore, to improve the sensitivity of detection of abnormalities on HRCT, we suggested the use of the fitted model, instead of the raw f (p) data. The method is presented in enough detail to enable straightforward implementation of the algorithm. It is shown that fitting the curve of HRCT density data has definite advantages in early detection of asbestosis.
Subjects and methods
The study population consisted of seven nonsmoking subjects with early asbestosis, 15 nonsmoking subjects with advanced asbestosis, and 13 control non-smoking subjects. Exposure was predominantly to chrysotile in an asbestos cement factory. Diagnosis of asbestosis was verified by histological examination of lung tissue specimens (with transbronchial biopsy). Early asbestosis was defined by positive histological findings and an ILO score up to 0/1, whereas advanced asbestosis was assumed when positive histological findings and an ILO score above 1/2 were present. Data collected included documented occupational exposure and complete clinical evaluation including physical examination, pulmonary function tests, histological diagnosis of asbestosis, chest radiographs, and HRCT.
Chest radiographs (posteroanterior, lateral) were scored by two thoracic radiologists according to the 1980 ILO classification. 14 Functional pulmonary testing was performed within one week of HRCT scanning and included static and dynamic spirometry (forced vital capacity (FVC), forced expiratory volume in one second FEV,, FEV,/FVC, peak expiratory flow (PEF), maximal expiratory flow at 50% of expiration (MEF 50%); Masterlab from Jaeger, Germany) and single breath diffusion lung capacity (DLCO) measurement. The last was carried out with the patients in an upright seated position (Morgan MK-4, UK) and the arithmetic mean of two acceptable tests for each subject was used. The concentrations of the gas components used were 0.3% carbon monoxide, 9% helium, 21% oxygen and balance nitrogen. The DLCO values were adjusted for haemoglobin. ' 5 Reference values for spirometry were from Cotes'6 and for DLCO, and DLco/alveolar volume (VA) from Cotes and Hall.'7 Stress testing was performed on a bicycle ergometer (Jaeger, Germany). Arterial blood gases and pH were analysed with an ABL-2 blood gas analyser (Radiometer, Denmark).
According to the results of pulmonary function tests the subjects were described to five physiological groups. These groups were defined based on criteria as follows: (1) The HRCT was performed with a Siemens SOMATOM DRG with scan characteristics: 2 mm thickness, 7 s scan acquisition time, 720 projections, 125 kV, 780 mAs, a strong edge enhancement algorithm with the total number of 10 scans in five projections through the thorax. 3 The standard scan levels used were apical, tracheal bifurcation, paracardial, 3 cm below the paracardial line, and lung base. The subjects were scanned in a prone and a supine position in each projection at suspended maximal expiration. The HRCT scans were all photographed at three window settings: (1) for the pleura and mediastinum, (2) for the lungs, and (3) for the lungs and pleura. These scans were blindly interpreted by two experienced thoracic radiologists. Probability scores (low, intermediate, and high) used for HRCT scans were according to Aberle et al.3 A quantitative analysis of the CT scans was focused on f (pi) data from the prone level at 3 cm below the paracardial line. This was because interstitial asbestosis develops preferentially at the posterior region around the lung base. The raw f (pi) curve was y fitted (appendix) to produce the ideal smooth curve, which was identified by the parameters: the most frequent density lmax (HU), maximal frequency f (.max) (N/HU), the curve width w Table 1 shows the anthropometric characteristics and lung function, and radiological (chest radiographs and HRCT scans) findings in groups of subjects with early (n = 7) or advanced asbestosis (n = 15) and 13 non-exposed control subjects. Subjects in group 2 with advanced asbestosis -were significantly older (p = 0.015) and had longer duration of exposure to asbestos than subjects with early asbestosis (group 1; p = 0.048). Only six subjects out of 35 (groups 1, 2, and 3) were women. The sole functional abnormality in group 1 was a reduction in DLCO. Thirteen subjects out of 15 in group 2 had a DLCO decrement and restrictive disease, one had reduced DLCO and mixed restrictiveobstructive disease, and the other had obstructive disease. Resting PaO2 was significantly decreased in both group 1 and group 2 compared with group 3 (p = 0.03 and 0.013 respectively; table 1). Exertional hypoxaemia was seen in four subjects in group 1 and in 12 subjects in group 2. The ILO profusion score was 0/0 (n = 4) or 0/1 (n = 3) in group 1, whereas in group 3 the scores were 1/2 (n = 4), 2/1 (n = 3), 2/2 (n = 2), 2/3 (n = 4), 3/2 (n = 1), 3/3 (n = 1). In group 1 only one subject had circumscribed plaque, whereas in group 2 13 subjects had circumscribed plaques and two subjects had diffuse pleural thickening. A significantly higher mean HRCT score was found in group 2 compared with group 1 (p = 0.013). For the probability of interstitial fibrosis assessed by HRCT, in group 1 two subjects had low probability whereas four and one had intermediate and high probabilities respectively. In group 2, four subjects had intermediate and 11 subjects had high HRCT probabilities.
The most frequent densities (for examples see Figure 3 Correlation between diffusing lung capacity for carbon monoxide (DLco) and the most frequent lung HRCT densities (,) in all examinees.
or decreased, did the HRCT become positive in most of these patients, whereas ILO score was still normal.20 21 Therefore, although HRCT is evidently a more sensitive technique than conventional computed tomography or chest radiography for an early radiological diagnosis of asbestosis, its qualitative analysis may seem less sensitive than some simple lung function tests: however, the quantitative analysis of HRCT scans is also feasible. The display of number of cells in the successive density intervals, or the histogram of density frequencies proved especially useful.9 13 This is so because such display may show details that are not noticeable by visual inspection of the particular tomogram. The raw density histograms contain, however, a significant noise component that degrades the performances of this analysis, especially regarding reproducibility of measurement, which, in turn, may obscure minor abnormalities or small changes at the patient's follow up. To amplify the performances of utilising HRCT density histograms, we applied the curve fitting technique to the raw density-frequency data.
Such analysis should achieve two main goals: (1) it should attenuate the high frequency statistical artifacts that produce undulation of the ideal unimodal curves; (2) it should effect data reduction to ascribe to the whole curve only the few characteristic parameters. Filtering out the statistical errors enhances reproducibility of analysis, whereas data reduction facilitates comparisons. Local smoothing routines (neighbour averaging) filter out the high frequencies but curve fitting does both smoothing and parametric identification. Quantitatively, in curve fitting, the perfectly smooth curve is dragged through the original curve points. 
